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doi:10.1016/j.jtcvs.2008.01.014352 The Journal of Thoracic and CardiObjective: Ischemia-reperfusion causes lung damage to patients with congenital heart
disease who undergo open surgery under total cardiopulmonary bypass. The aim of
the present study was to compare ischemia-reperfusion–induced lung damage
between adults and infants.
Methods: Both infant (15 to 21-day-old) and adult (5 to 6-month-old) rabbits were sub-
jected to either ischemia-reperfusion or sham operation. Ischemia-reperfusion was in-
duced by clamping the right pulmonary hilum for 1 hour and then removing the clamp
for 4 hours. The lung tissue samples were collected for histologic examination by light
and electron microcopies and for biological evaluation of mitochondrial alterations.
Blood samples were taken for measurement of interleukin-1b and tumor necrosis
factor-a. Differences among the groups were analyzed by 2-way analysis of variance.
Results: In comparison with adult lungs, the infant lungs had increased neutrophil
infiltration, edema, swollen alveolar epithelial and endothelial cells, and severe mito-
chondrial impairment reflected by reduced swelling rate and membrane potential,
intramitochondrial free Ca21 levels after ischemia-reperfusion. The infant lungs pro-
duced higher levels of hydroxyl radical and malondialdehyde and lower levels of
superoxide dismutase and glutathione peroxidase than adult lungs, especially after
ischemia-reperfusion. The circulating levels of interleukin-1b and tumor necrosis fac-
tor-awere elevated during ischemia-reperfusion, particularly in the infants, which ap-
peared to be associated with the expression of myeloid differentiation factor-88 and
nuclear factor-kB in the lungs.
Conclusion: Lung ischemia-reperfusion causes more severe lung damage in infants
than in adults, probably because of the combination of low antioxidant capacity
and overproduction of reactive oxygen species in infants.
T
he prevalence of congenital heart disease is approximately 4 per 1000 adults
and 0.4 per 1000 for those with severe lesions. The prevalence of severe con-
genital heart disease has increased during the last 20 years.1 Open surgery is
routinely performed to repair the congenital anatomic defects under total cardiopul-
monary bypass. These procedures are inevitably associated with various periods of
lung ischemia followed by reperfusion. Ischemia-reperfusion (IR) is well known to
result in severe lung injury, which is believed to cause a pulmonary dysfunction
with a morbidity of 15% to 30% in which more than 2% of adult patients developed
the most severe acute respiratory distress syndrome after open surgery to repair the
congenital anatomic defects under cardiopulmonary bypass.2 Mortality caused by
acute respiratory distress syndrome can be as high as 50% to 70%, especially in chil-
dren with complicated congenital heart diseases and pulmonary artery hypertension.2-6
It has been established that the mortality is more than 30% for adults and approxi-
mately 60% for infants, as a result of pulmonary complications after cardiopulmonary
bypass.3 Lung IR also takes place during and after lung transplantation and total cir-
culatory arrest. Lung transplantation is infrequently performed with poor outcomes,
particularly in infants and children with cystic fibrosis.7,8
The mechanisms of IR-induced lung injury have been extensively studied in ani-
mal models and humans, showing involvements of neutrophil activation, oxygen freeovascular Surgery c August 2008
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MyD 5 myeloid differentiation factor
NF-kB 5 nuclear factor-kB
ROS 5 reactive oxygen species
ROS-HR 5 reactive oxygen species-hydroxyl radical
SOD 5 superoxide dismutase
TNF 5 tumor necrosis factor
radicals, cytokines, arachidonic acid derivatives, platelet-
activating factor, and nitric oxide.2,9,10 It is known that IR
induces a production of reactive oxygen species (ROS) in
excess of the endogenous cellular capacity, referred to as
so-called oxidative stress, which, together with the other fac-
tors, causes mitochondrial dysfunction and eventually tissue
damage.11 The most reactive and harmful ROS is the
hydroxyl radical (HO) (ie, ROS-HR).12 A preferential target
for ROS is biological membranes, largely because of their
unsaturated fatty acid content. Oxidation of unsaturated fatty
acids leads to a lipid peroxidation with malondialdehyde
(MDA) as a final product. Moreover, the integrity of the
mitochondrial membrane depends heavily on glutathione
peroxidase (GSH-PX), which protects the membrane from
oxidative damage by reducing lipid hydroperoxides. Enzyme
superoxide dismutase (SOD) catalyzes the dismutation of
superoxide, one of the main ROS, into oxygen and hydrogen
peroxide. As such, both GSH-PX and SOD are important
antioxidants defense in cells. Studies of IR-induced lung
injury have been reported in rabbits,13,14 sheep,15 pigs,16
and rats.17 Most of these studies were performed in adults
using an in vivo IR model and sometimes isolated lung
models.
The cellular response to IR in infant lungs is poorly under-
stood. It has been speculated that infants have a lower antiox-
idant capacity than adults, probably leading to a high
susceptibility to the oxidative stress.18,19 To our knowledge,
there are no reports on the comparison between adult and in-
fant lung injury induced by IR. The aim of the present work
was to study whether the infant lung is more susceptible than
the adult lung to IR-induced injury. To this end, the in vivo
lung IR model was made in both infant and adult rabbits by
clamping the right pulmonary artery (together with the bron-
chus and pulmonary vein) for 1 hour, followed by reperfusion
after removal of the clamps. The lung tissue was examined
histologically by both light and electron microscopies, and
various mitochondria-related variables were measured. Pro-
ductions of ROS-HR and MDA and activities of GSH-PX
and SOD, expression of nuclear factor (NF)-kB, and myeloid
differentiation factor (MyD)-88 in the lung were analyzed.The Journal of ThoCirculating levels of interleukin (IL)-1b and tumor necrosis
factor (TNF)-a were also measured.
Materials and Methods
Animals and Experimental Design
This animal experiment was performed in accordance with the
National Institutes of Health ‘‘Guide for the Care and Use of Labo-
ratory Animals’’ and was approved by the Nanjing Medical Univer-
sity Animal Care and Use Committee. Forty-eight New Zealand
White rabbits (both genders) were obtained from the Experimental
Animal Center of Nanjing Medical University (Nanjing, China).
Twenty-four adult rabbits (5–6 months old, body weight 2.5–3.0
kg) and 24 infant rabbits (15–21 days old, body weight 0.6–0.8
kg) were used. All animals were housed with free access to food
and tap water under standard conditions with respect to temperature
(22C), humidity (60%), and day/night cycle (12 hour/12 hour) for
at least 3 days before experiment. Both adult and infant rabbits were
randomly divided into 4 experimental groups: 1) adult sham opera-
tion, 2) adult IR, 3) infant sham operation, and 4) infant IR.
Ischemia-Reperfusion Model
Lung IR was performed according to the method described by Sakuma
and colleagues.14 In brief, the rabbits were given atropine sulfate (0.1
mg/kg, subcutaneously) and then anesthetized with sodium pentobar-
bital (30 mg/kg in adults and 15 mg/kg in infants, intravenously ad-
ministered through the ear vein). Anesthesia was maintained at
doses of 10 mg/kg for adults and 5 mg/kg for infants. Each rabbit
was subjected to cervical tracheotomy with an inserted endotracheal
tube and ventilated with room air using a respirator with a tidal volume
of 10 mL/kg for adults or 12 mL/kg for infants and a rate of 30 breaths/
min for adults or 50 breaths/min for infants. The animal was positioned
on the left side, and an anterolateral thoracotomy was performed on the
right side via the fifth interspace. The right pulmonary hilum was strip-
ped of all neural, vascular, lymphatic, and connective tissue, thereby
skeletonizing the right bronchus, pulmonary artery, and pulmonary
vein. The inferior pulmonary ligament was divided as it entered the hi-
lum. Heparin was given at a dose of 200 U/kg in saline intravenously,
and 5 minutes later the right pulmonary artery, bronchus, and pulmo-
nary vein were sequentially occluded with noncrushing microvascular
clamps to induce ischemia. The clamps were removed after 60 min-
utes, and spontaneous reperfusion with the systemic blood circulation
started immediately. Blood samples were taken just before the reper-
fusion (0) and 1, 2, and 4 hours after the reperfusion from the left fem-
oral artery via an arterial puncture needle. The lung was kept moist
with intermittent application of saline solution (at room temperature
of  22C), and the chest incision was covered with plastic film
throughout the IR procedure. The sham operation was IR time-
matched animals that underwent the same procedure, except the
clamps were not applied to the hilum. Physiologic saline solution
(0.9% NaCl) was given subcutaneously (0.5 mL/h for adults and
0.25 mL/h for infants) during a period of 4 hours. The right lung
from each animal was removed, tissue samples were collected for
analyses histologically and biochemically and the animal was killed
immediately by intravenous injection of 20 mL of air for adults and
8 mL of air for infants.
The mortality of this IR model was 17% in adults and 50% in in-
fants, whereas the sham operation caused no death in adults but had
8% mortality in infants. Most of them died during the reperfusionracic and Cardiovascular Surgery c Volume 136, Number 2 353
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sis and reported in this article, there were 12 samples in the adult
sham operation, 10 samples in the adult IR model, 11 samples in
the infant sham operation, and 6 samples in the infant IR model.
Histopathologic Analysis
For light microscopy, tissue samples were collected from the right
lower lung lobe, immersed in 10% formalin for 18 hours at room
temperature, and embedded in paraffin. Sections (4 mm in thickness)
were stained with hematoxylin and eosin. For electron microscopy,
small specimens were also taken from the right lower lung lobe and
immediately immersed 2.5% glutaraldehyde in 0.075 mol/L sodium
phosphate buffer, pH 7.4. After 2 hours, the specimens were trans-
ferred to 1% OsO4 and post-fixed for 1 hour, dehydrated in graded
acetone, and embedded in Epon 812. Semi-thin sections were cut for
identification of the histology, and ultra-thin sections (70-nm thick-
ness) were then cut, contrasted with uranyl acetate and lead citrate,
and examined under a JEM-1200 electron microscope (Nihondensi
Co., Tokyo, Japan).
Analysis of Mitochondria in the Lung
Mitochondria were isolated from the lung according to a well-estab-
lished method.20 In brief, the right lung was excised immediately after
IR or sham operation, homogenized in isolation buffer containing 225
mmol/L mannitol, 75 mmol/L sucrose, 0.05 mmol/L ethylenediamine
tetraacetic acid, and 10 mmol/L Tris-HCl (pH 7.4) at 4C. The homog-
enates were centrifuged at 600g for 5 minutes to remove cell debris and
the nuclear fraction. The supernatants were centrifuged at 8800g for 10
minutes, and the pellets were collected and washed twice with the iso-
lation buffer. The isolated mitochondria were used for determinations
of mitochondrial swelling, membrane potential, and free Ca21.
Mitochondrial swelling was assessed by measuring a 540-nm ab-
sorbance. The mitochondrial preparations were put in the assay
buffer (0.5 mg protein/mL) containing 125 mmol/L sucrose, 50
mmol/L KCl, 2 mmol/L KH2PO4, 5 mM rotenone, 10 mmol/L
HEPES, and 5 mmol/L succinate. The extent of mitochondrial
swelling was assayed by measuring the decrease in the absorbance
at 1, 2, 3, 4, and 5 minutes after adding 50 mM Ca21 at 30C, and
the inhibitory rate of mitochondrial swelling was calculated as fol-
lows: (DA 5 A0 min 2 A).21
Mitochondrial membrane potential difference (DJm) was mea-
sured according to the method described by Vander Heiden and col-
leagues.22 Rhodamine 123 is a fluorescent dye that is incorporated
into mitochondria in a transmembrane potential-dependent manner.
The culture medium was replaced with a new medium containing 5
mmol/L rhodamine 123 for 30 minutes in the dark. A mean fluores-
cence intensity of rhodamine 123 was measured by a fluorescence-
activated cell sorter Canto flow cytometer (Becton Dickinson, San
Jose, Calif), and DJm value was determined. Data were analyzed
with the Coulter software package (Phoenix Flow, San Diego, Calif).
Intra-mitochondrial Ca21 levels were assayed by Ca21 indicator
dye Fluo-3/acetoxymethyl ester (Fluo-3/AM, 10 mmol/L, Interchim,
Montlucxon, France). The mitochondrial preparation was incubated
with 10 mmol/L Fluo-3/AM for 30 minutes at 37C in the dark and
then washed twice in sodium phosphate buffer. During incubation
with Fluo-3/AM, calcium modulators were added to individual tubes.
A calcium chelator (Bapta/AM, Sigma, St Louis, Mo) was added for
30 minutes at 37C at a final concentration of 10 mmol/L. Fluorescent
intensity of Fura-3 was then analyzed by flow cytometry.354 The Journal of Thoracic and Cardiovascular Surgery c AuBiochemical Analysis of Lung Tissue
The concentrations of ROS-HR and MDA and the activities of
GSH-PX and SOD in the right lung tissue were measured by com-
mercial assay kits (Nangjin Jiancheng Bioengineering Institute,
Nangjin, China). The concentrations of ROS-HR and MDA were
expressed as nanomoles per milligram of protein and milligrams
per gram of protein, respectively. The activities of GSH-PX and
SOD were expressed as units per milligram of protein and units
per milligram of protein, respectively.
Western blot analysis was used for the determination of MyD88
and NF-kB in the lung tissue using antibodies against MyD88
(AF3109, R&D Systems, Inc, Minneapolis, Minn), NF-kB (3037,
Cell Signaling Technology Inc, Danvers, Mass), or b-actin (Bost
Bio-engineering Inc, Wuhan, China). The membrane was incubated
with horseradish peroxidase-conjugated anti-goat immunoglobulin-
G (KPL, Gaithersburg, Md) and developed using an enhanced
chemiluminescence detection kit (Amersham Pharmacia Biotech-
nology International Corp, Uppsala, Sweden). Each blot was re-
peated 3 times. The immunoreactive bands were scanned and
normalized by b-actin bands of the same membrane. The protein
expression level was analyzed by AlphaEaseFC software (Alpha In-
notech, San Leandro, Calif).
Determination of Serum Concentrations of Tumor
Necrosis Factor-a and Interleukin-1ß
Serum was prepared from the blood samples taken from the femoral
artery. The concentrations of TNF-a and IL-1b were measured by
enzyme-linked immunoabsorbent assay with an enzyme-linked im-
munosorbent assay kit (Biolegend, San Diego, Calif).
Statistical Analysis
The results were analyzed with the Statistical Package for the Social
Sciences 14.0 (SPSS Inc, Chicago, Ill) and are presented as means6
standard error of the mean. The differences among the 4 groups were
analyzed by 2-way analysis of variance, followed by the SNK-
q-test. All analyses were performed using statistical software
(SAS 9.1.3; SAS Institute Inc, Cary, NC).
Results
Histopathologic Alterations in Lung Subjected to
Ischemia-Reperfusion
The lungs subjected to IR in both adult and infant rabbits
showed remarkable damages as indicated by capillaries oc-
cluded with microthrombi, alveolar and interstitial edema, al-
veolar space collapse, detached epithelial cells, and increased
infiltration of inflammatory cells. The infants appeared to have
more severe damage than the adults after IR (Figure 1, A–D).
Electron microscopy revealed that in adult lungs subjected
to IR, type I cells had few and short microvilli on the surface
and diluted endoplasmic reticulum in cytoplasm. Type II
cells were rich in lamellar bodies. Most mitochondria were
enlarged in size, and cristae was broken or disappeared (Fig-
ure 1, E–H). Endothelial cells in interstitium displayed a clear
swollen feature. Infiltrated inflammatory cells were often
seen. Compared with adult lungs, the infant lungs in sham-
operated rabbits displayed a relatively reduced cytoplasm,gust 2008
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PFigure 1. Representative images of light microscopy of lung tissue
from sham-operated adult rabbit (A), IR adult rabbit (B), sham-op-
erated infant rabbit (C), and IR infant rabbit (D). Note remarkable
alveolar and interstitial edema, alveolar space collapse, detached
epithelial cells, and infiltrated inflammatory cells in (B) and (D),
and additional capillaries occluded with microthrombi in (D). He-
matoxylin and eosin stain, 3100. Representative image of ultra-The Journal of Thoenlarged nuclear profiles, and no or few microvilli on ciliated
cells. The cellular organelles were fewer but had relatively
normal structure. The IR infant lungs showed greater dam-
ages than the IR adult lung, including much swollen mito-
chondria with disappearance of cristae (Figure 1, F and H).
In addition, necrosis and apoptotic cells were observed.
Mitochondrial Damages in Lung Subjected to
Ischemia-Reperfusion
In sham-operated adults and infants, the lung mitochondria
were able to swell immediately after adding 50 mM Ca21
structure of lung tissue from sham-operated adult rabbit (E), IR
adult rabbit (F), sham-operated infant rabbit (G), and IR infant rab-
bit (H). Note swollen mitochondria in (F) and near-broken mito-
chondria in (H) (310,000).
Figure 2. Mitochondrial swelling (540 nm absorbance) during 1 to
5 minutes (A) and intramitochondrial free Ca21 concentration
measured by using the fluorescent probe fura-3 (B) in lungs from
sham-operated adult rabbits (adult sham), IR adult rabbits (adult
IR), sham-operated infant rabbits (infant sham), and IR infant rab-
bits (infant IR). Mean 6 standard error of the mean. **P < .01 be-
tween adult sham and adult IR or between infant sham and infant
IR. Comparison between adult IR and infant IR was also made. IR,
Ischemia-reperfusion.racic and Cardiovascular Surgery c Volume 136, Number 2 355
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CSPFigure 3. Mitochondria membrane poten-
tial (A) in lungs from sham-operated adult
rabbits (adult sham), IR adult rabbits (adult
IR), sham-operated infant rabbits (infant
sham), and IR infant rabbits (infant IR).
Mean 6 standard error of the mean. *P <
.05 and **P < .01 between adult sham and
adult IR or between infant sham and infant
IR. Comparison between adult IR and infant
IR was also made. Representative records
(B) of mitochondria membrane potential in
lungs from adult sham, adult IR, infant
sham, and infant IR. B, FSC dot plots (left);
SSC dot plots (center); histograms of rhoda-
mine-123 fluorescence with intensity
values (right). Note the low values in IR
groups. IR, Ischemia-reperfusion; FSC-H, for-
ward scatter height; SSC-H, side scatter
height.to the medium, and there was no difference between the 2 age
groups. In the lungs subjected to IR, a minimal swelling in the
adults and no swelling in the infants were detected during the
test period from 1 minute to 5 minutes, indicating the near-
maximal or maximal swollen mitochondria in the IR groups
(Figure 2, A). Intra-mitochondrial Ca21 concentration was
higher in sham-operated infants than in sham-operated
adults. Intra-mitochondrial Ca21 concentration was in-
creased greatly after IR, especially in the infants (Figure 2,
B). Mitochondrial membrane potential DJm was reduced356 The Journal of Thoracic and Cardiovascular Surgery c Augby approximately 45% in the adult IR group and by 60% in
the infant IR group (P , .01 between adult IR and infant
IR) (Figure 3, A and B).
Altered Protein Expression in Lung Subjected to
Ischemia-Reperfusion
The concentrations of ROS-HR and MDA were slightly
higher in the infants than in the adults (Figure 4, A and B),
whereas the activities of GSH-PX and SOD were lower (Fig-
ure 4, C and D). After IR, the levels of MDA and ROS-HRust 2008
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PFigure 4. Concentrations of ROS-HR (A)
and MDA (B) and activities of GSH-PX
(C) and SOD (D) in lungs from sham-op-
erated adult rabbits (adult sham), IR
adult rabbits (adult IR), sham-operated
infant rabbits (infant sham), and IR in-
fant rabbits (infant IR). Mean 6 stan-
dard error of the mean. *P < .05 and
**P< .01 between adult sham and adult
IR or between infant sham and infant IR.
Comparisons between adult sham and
infant sham or between adult IR and in-
fant IR were also made. IR, Ischemia-re-
perfusion; SOD, superoxide dismutase;
MDA, malondialdehyde; GSH-PX, gluta-
thione peroxidase; ROS-HR, reactive
oxygen species-hydroxyl radical.were more elevated in the infants than in the adults, whereas
the levels of SOD and GSH-PX activities were more reduced
in the infants than in the adults (Figure 4).
Circulating Levels of Tumor Necrosis Factor-a and
Interleukin-1ß and Expression of MyD88 and Nuclear
Factor-kB in Lung
Both the serum levels of TNF-a and IL-1b were elevated in
response to IR and peaked at 1 to 2 hours after starting reper-
fusion. The infants had much higher levels than the adults
throughout the reperfusion period (Figure 5, A and B). More-
over, the expression of MyD88 and NF-kB was increased in
the lungs subjected to IR (Figure 5, C), which was confirmed
by the densitometric analysis (Figure 5, D and E).
Discussion
In the present study using the rabbit model, we have shown
that the infant lung is more susceptible than adult lung to
IR-induced damage. The infant lung subjected to IR dis-
played severe morphologic damage in which the mitochon-
dria were most vulnerable, resulting in cell death (both
necrosis and apoptosis). It has been suggested that IR-induced
mitochondrial damage is mediated by elevated ROS and ac-
cumulated Ca21 inside of the mitochondrial.23,24 Ischemia
per se is capable of inducing ROS production by pulmonary
endothelial cells, but the following reperfusion with the sud-
den influx of oxygen leads to a burst of ROS, which induces
the oxidative stress. In the present study, we found that in
comparison with the adults, the infant lung mitochondria pro-
duced more ROS (as reflected by elevated ROS-HR and
MDA levels) on the one hand and less antioxidant capacity
determinants (eg, SOD and GSH-PX) on the other hand.
Moreover, we found an increased mitochondrial Ca21 con-The Journal of Thocentration in the infants. Thus, we suggest that the combina-
tion of Ca21 overload and ROS overproduction, as well as
down-regulation of the antioxidant mechanisms, leads the mi-
tochondria to undergo a ‘‘permeability transition’’ by opening
the pores in their inner membrane, causing the mitochondrial
swelling, damage, and eventual cell death by necrosis.24 As
shown in the present study, the infant lungs displayed severe
damage of the inner mitochondrial membrane (as evaluated
by measuring the mitochondrial swelling), which was associ-
ated with the collapse of mitochondrial membrane potential.
It can be anticipated that the outer membrane ruptures as
swelling proceeds, leading to the release of apoptotic factors,
such as apoptosis-inducing factor and cytochrome c, that
cause activation of caspase 9 and then caspase 3, and in
turn apoptosis.25 Indeed, the apoptotic cells were frequently
seen in the lungs subjected to IR, particularly in the infants.
The precise molecular mechanisms by which the infant
lung was more susceptible than the adult lung to IR are not
known at the present. Proteomic analysis of the rest of the
lung tissues collected in the present study was performed by
2-dimensional gel electrophoresis and matrix-assisted laser
desorption/ionization-time-of-flight mass spectrometry. The
results will be presented in a separate report.
Elevated circulating TNF-a and IL-1b levels after IR have
been shown to induce a secondary lung injury in IR models of
liver, heart, brain, and kidney.26-29 A study using a rat model
of lung IR showed an increased expression of TNF-a and IL-
1b in the lung; TNF-a peaked at 2 hours and IL-1b peaked at
4 hours after starting reperfusion.12 In the present study, cir-
culating TNF-a and IL-1b levels were elevated during the re-
perfusion period. It is conceivable that TNF-a and IL-1b play
important roles in IR-induced lung damage both locally and
secondarily via the blood circulation, which is in agreementracic and Cardiovascular Surgery c Volume 136, Number 2 357
Cardiopulmonary Support and Physiology Qiu et al
CSPFigure 5. Time course of serum concentrations of TNF-a (A) and IL-1ß (B) immediately (0) and 1, 2, and 4 hours after
starting perfusion in adult rabbits subjected to sham-operation (adult sham) or IR (adult IR), and in infant rabbits
subjected to sham-operation (infant sham) and IR (infant IR). Western blot of MyD88, NF-kB, and ß-actin (C), and
densitometric analysis of the expression levels of MyD88 and NF-kB in relation to ß-actin (D and E) in the lungs
from adult sham, adult IR, infant sham, and infant IR. Mean 6 standard error of the mean. *P < .05 and **P < .01
between adult sham and adult IR or between infant sham and infant IR. Comparisons between adult IR and infant
IR were also made. IR, Ischemia-reperfusion; TNF, tumor necrosis factor; NF-kB, nuclear factor-kB.with previous reports by others.30,31 MyD88 is known to play
an important role in toll-like receptors– and the IL-1 receptor-
mediated NF-kB activation pathway.32 It has been suggested
that this pathway is also involved in myocardial IR in-
jury.33,34 In the present study, the expression of MyD88
and NF-kB was found to be elevated in the lungs after IR,
and it was more evident in the infants than in the adults, sup-
porting the view that the MyD88-dependent NF-kB signaling
pathway is also involved in IR-induced lung damage.
We suggest that IR induces the infant lung to mitochon-
drial damages through the mechanisms involving Ca21 over-
load and ROS overproduction, the reduction of the
antioxidative determinants SOD and GSH-PX, the produc-
tion of proinflammatory cytokines TNF-a and IL-1b, and
the activation of the MyD88-dependent NF-kB pathway.
This study shows that the infant rabbits have a lower antiox-
idant capacity than adults, which may explain why the infant
lung is more susceptible than the adult lung to IR-induced358 The Journal of Thoracic and Cardiovascular Surgery c Audamage and why the mortality is much higher in infant
than adult rabbits. Apparently, the correlation to human or
clinical data remains to be proven.
Mitochondria have been recognized as a target for anti-IR
drugs. During the past 10 years, numerous drugs have been
developed in an attempt to modulate mitochondrial func-
tions, but few of them are efficient and safe for clinical use,
and none have been used in infant patients. Theoretically,
novel drugs and procedures must be developed for increasing
antioxidative determinants in infants. Alternatively, available
free radical scavengers, such as edaravone, can be tested in
infants. In a follow-up study, we have found therapeutic ef-
fects of edaravone in this infant rabbit model (Qiu W, MD,
Zheng L, MD, Zhou J, MD, Chen D, MD, PhD, Chen Y,
MD, 2008, unpublished observation).
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